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The objective evaluation of scattering tissue and the discrimination of tissue types is an issue that cannot be solved with colour cameras and image
processing alone in many cases. Examples can be found in the determination of freshness and ageing of meat, and the discrimination of tissue
types in food technology. In medical applications tissue discrimination is also an issue, e.g. in wound diagnostics. A novel hyperspectral imaging
setup with powerful signal analysis algorithms is presented which is capable of addressing these topics. The spectral approach allows the chemical
analysis of material and tissues and the measurement of their temporal change. We present a method of hyperspectral imaging in the visible-near
infrared range which allows both the separation and spatial allocation of different tissue types in a sample, as well as the temporal changes of the
tissue as an effect of ageing. To prove the capability of the method, the ageing of meat (slices of pork) was measured and, as a medical example,
the application of the hyperspectral imaging setup for the recording of wound tissue is presented. The method shows the ability to discriminate
the different tissue components of pork meat, and the ageing of the meat is observable as changes in spectral features. An additional result of
our study is the fact that some spectral features, which seem to be typical for the ageing of the meat, are similar to those observed in the necrotic

tissue from wound diagnostics in medicine.
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Introduction

Hyperspectral imaging (HSI) combines spectroscopy with
imaging and therefore allows the analysis of the spatial
distribution of the chemical composition of samples. In
recent years HSI has found its way into several areas
such as environmental science, agriculture, food, phar-
maceuticals, medicine and others. In the food industry it
is used, amongst other applications, for monitoring meat
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quality and analysis of meat composition (muscle, intra-
muscular fat, subcutaneous fat, water etc.).?™*

Due to its non-invasiveness, HSI in the visible and near
infrared (NIR) spectral range from 500nm to 1000 nm
has been proved to provide a large amount of relevant
information about physiological parameters (e.g. blood
volume, tissue oxygenation, water content) in different
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Hyperspectral Imaging of the Degradation of Meat and Comparison with Necrotic Tissue in Human Wounds

medical application areas like diabetic foot and skin
ulcers,””” tissue perfusion measurements, wound anal-
ysis and flap monitoring.8 "' Benefits of this methodology
are the contact-free measurement without the need for
contrast agents or other invasive procedures.

The field of wound treatment is a cost-intensive clinical
field. In Germany, 2-4billion euros are spent on the treat-
ment of chronic wounds annually.™ 1-2million patients
suffer from chronic wounds each year. Almost half of the
costs arise from clinical care. Reasons for this are the
limited possibilities for diagnosis and the lack of objecti-
fication of the affected areas. In the field of flap surgery,
severe problems can occur if circulatory disorders are
detected too late. This creates high costs due to the need
for additional operations and extended hospitalisation
times.

Tissue that is dead and has changed chemically is
termed necrotic, however, at present there is no termi-
nology for tissue which will become necrotic without
treatment. One reason for this may be that there is no
applicable or cost-effective and, therefore, comprehen-
sive way of assessing wounds objectively.

Although the investigation of meat quality and wound
diagnostic have nothing in common at first glance, light-
tissue interaction is comparable. The irradiated light is
scattered and absorbed by substantial structures and
components of the skin and other specific tissue compo-
nents, the spectrally modified remitted light transports
information about the structure of the tissue (structure
analysis) and the states of components (chemical anal-
ysis). Porcine models are widely used in NIR spectros-
copy medical research. Although it is known that porcine
hemoglobin differs from human haemoglobin, resulting in
different absorption coefficients (see Reference 12 and
references therein) many authors use the porcine model
for tissue optical investigations.**

From suggestion of light path simulations,™'® the
remission spectroscopic measurement in the visible range
(500-650nm) provides information about the superficial
parts of the tissue, and the measurement in the NIR
range (650-1000nm) provides information about deeper
layers of the tissue. Deeper layer in this context means
deeper than 1 mm. From known optical properties of
human skin,*’ typical light penetration depth can be esti-
mated to be between approximately 0.8 mm (500 nm)
and 2.6 mm (1000 nm).

Additional to information on the deeper part of the
tissue, information on chemical components like water

and fat content can be accessed. One of the major bene-
fits of HSI is that the spectroscopic measurements are
not just point measurements as in NIR spectroscopy
techniques, but are performed over an area, so that
spatial structures of the measured area can be evaluated
in connection with the local spectral information using,
for instance, segmentation procedures.

In this study, slices of pork (slices of the lower leg) were
analysed with HSI over a period of seven days in the
spectral range 500-1000nm. We studied the change
of spectral features of different regions (connective
tissue, bone, muscle, fat and skin) and tried to compare
specific spectral features with those features observable
in medical applications of HSI, especially with necrotic
areas from wound diagnostic research.

Materials and methods
Instrumental settings

HSI, or chemical imaging, is the combination of spec-
troscopy, imaging data acquisition and digital image
processing. The setup for the meat observations is shown
in Figure 1. The hyperspectral camera (TIVITA® Tissue,
Diaspective Vision GmbH, Germany) was mounted on a
desk stand with a flexible extension arm. The distance to
the meat was set to 50cm. The camera was connected to
an industrial PC system that was equipped with 128 GB

VISION *

Figure 1. TIVITA™ Tissue hyperspectral camera mounted
on a flexible extension arm and plate with the meat.
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SSD and 1 TB HDD, 16 GB DDR4 RAM and an Intel Core
i3 dual-core processor (3.7 GHz).

The design of the new compact HSI camera includes
an internal push broom imaging spectrograph used for
spectral data acquisition along the x-axis (acquiring a
full spectrum for every point of the row in parallel), a
high-quality, infrared enhanced CMOS megapixel camera
sensor (CMOSIS CMV 2000 3E12), integrated in an intel-
ligent camera with USB3 data transfer for high recording
speed and an internal stepper motor moving the slit of
the spectrograph (and the spectrograph itself) at the
first image plane of the optical setup along the y-axis to
realise the image acquisition.

The imaging spectrograph is optimised for compact
and lightweight construction which enables the camera
to be used for precise and fast scanning. A transmission
configuration with an optimised high efficiency holo-
graphic grating (>50% efficiency) is used for high light
efficiency. The internal spectrometer unit (including the
sensor) is calibrated for wavelength and the system is
smile corrected.

For the measurement shown in the results, a varifocal
lens with a fixed focal length of 12mm and an aperture
of f1.4 was used. A long-pass optical filter (Schott, GG
495) with additional anti-reflection coating with a cut-off
below 495 nm was mounted in front of the objective lens
to suppress the second order of light intensities below
495nm.

The resolution of the data cube is scalable by software
and was set to 640x480 spatial points with a spectral
resolution of 100 spectral bands between 500 nm and
1000 nm. The recorded data are calculated and converted
from radiance to reflectance (according to Equation 1) in
the software and the resulting values are stored as single
precision float (32-bit). The data-size of the cubes are
therefore 122 Mbyte.

The illumination of the entire investigation area of
21x28cm is provided by an illumination unit containing
six halogen lamps with a total power consumption of
120W. The six single spots are arranged during production
so that the resulting area is illuminated nearly uniformly
without the need for additional diffusion elements.

To observe the meat over a longer period of time and
also at night, the halogen lighting unit could be activated
by software. Increased temperature due to light emission
can accelerate meat degradation. To measure this effect,
the temperature of the room and the meat was taken
before each measurement and the illumination was deac-

tivated after each measurement to limit the influence as
much as possible.

As the temperature of the sensor increases as a result
of prolonged use or due to long exposure times, the dark
current effects (black level) and the noise of the sensor
increases drastically. Because the sensor has no built-in
black level correction method, compensation has to be
performed separately. The CMOS sensor noise pattern
was recorded during the setup of the camera. It includes
fixed pattern noise and hot pixels that are not corrected
by the intelligent camera itself. The black level of the
sensor is recorded from non-illuminated sensor areas and
corrected after recording the data cube by the system
software.

To convert image data from radiance to diffuse reflec-
tance, a white reference cube was taken by recording a
cube from a white reference object before the measure-
ments started. This also balances regional differences
of the lighting. The previously recorded dark pattern is
taken into account during the white balancing. For the
white reference object, a sheet of uncoated white paper
was used, characterised by a high diffuse reflectance
with linear spectral distribution over the measured wave-
length range from 500nm to 1000 nm.

The camera parameterisation and data acquisition
were performed by LabView-based software (TIVITA®
Suite, Diaspective Vision GmbH, Germany). This software
controls the data acquisition process (including balancing
and wavelength calculating steps) and automatically
performs data analysis to determine perfusion-related
parameters from the HSI data cube for medical applica-
tions.

For the long-term observation of the meat over seven
days, the software was modified in order to enable the
automatic activation of the lighting unit. Also, all user
dialog boxes and the preview image were deactivated
so it was not necessary for an operator to observe the
measurements all the time. Furthermore, the images
were stored directly in a built-in database. A total of 74
measurements were recorded for meat observation.

The camera including the optical setup that was used for
the clinical measurements of the necrosis and hematoma
was exactly the same as the meat measurement setup,
but the serial numbers of the cameras and the camera-
dependent calibration parameters were different. For the
clinical measurements, the camera was mounted on a
flexible medical cart unit instead of the table mounting
unit that was used for the meat measurements. The PC
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Figure 2. Hyperspectral image of the meat five hours after taking the meat out of the
cooler with a) RGB colour image representation with marker positions and b) absorbance

spectra of the marker positions of a).
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Figure 3. Molar extinction coefficients of a) oxyhemoglobin O,Hb, deoxyhemoglobin HHb® and

methemoglobin MetHb,? b) fat®® and c) water.?*

system, software including the calculations and spectral
calibrations, and the peripheral equipment was similar in
both parts of the study. The clinical necrosis and hema-
toma measurements were recorded only once and should
be thought of as case studies.

Data acquisition and analysis

Forthe measurements, slices of the lower leg of a pig were
used. The pig was slaughtered and dissected two days
before start of the measurements. Before the measure-
ments started, the meat was stored at a temperature
of 2-6°C, which resulted in a high degree of freshness.
After the meat had been removed from the refrigerator,
it was placed on a plate under the hyperspectral camera
and measured at a room temperature of 19 °C for the rest
of the experiment.

Figure 2 a) shows the hyperspectral image as an RGB
colour representation with different tissue types marked
and Figure 2 b) shows the corresponding mean absor-
bance spectra of each type. The absorbance A is calcu-
lated from the diffuse reflectance R with Equation 1.

|
A =—-log,o R=~log,, [’—] (1)

0

Here I, is the incoming intensity and [ the reflected
intensity. The different tissues are distinguishable by
their characteristic spectral features. In the range from
500nm to 600 nm, hemoglobin and myoglobin are
the main absorbers. The literature extinction spectra
of pure deoxygenated (HHb) and oxygenated hemo-
globin (O,Hb),'® methemoglobin (MetHb),*” fat?°
and water?! are given in Figure 3 for the purpose of
comparison. In tissue spectra, the typical structures of
these spectra can be found, even if the exact shape
deviates due to scattering influences and the influence
of other absorbers. For example, the characteristic
double-peak structure of the oxygenated hemoglobin
is clearly visible in the spectra of connective tissue,
fat, marrow and of skin. In the spectrum of muscle
tissue and of bone, the significant absorption band at
760 nm caused by the deoxygenated hemoglobin is
distinct. As expected, the absorption band of pure fat
at 930nm can be detected in the spectrum of the fat
position, whereas the water absorbance at 260nm is
not recognisable. The same structure can be observed
in the spectrum of marrow. The water peak is present
significantly in the spectra of muscle and connective
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Figure 4. Colour photography of the meat a) after the meat warms to ambient tempera-
ture (3 h after taking the meat out of the cooler) and b) after the whole measurement
period (7 d); c) absorbance spectra of marrow from all measurements. The later the
measurement was taken, the more the colour saturation of the curves are increased.

A constant increase of the absorbance of all wavelength could be observed. Between
600nm and 750 nm, the absorbance increases more and continuously over the obser-
vation period. In the range from 500 nm to 580 nm, the increase of the absorbance is
stronger in the first hours and remains stable after 8 h. The violet marker shows the area

from which the spectra were taken.

tissue. Bone and skin show only a slight absorbance at
this typical water band.

The spectrum of skin shows a significant unknown
structure between 600nm and 650 nm, which is not
visible in other spectra.

The observations give a subtle hint that these spec-
tral features may allow the different tissue types to be
discriminated. Further studies and the application of clas-
sification models are needed to test this hypothesis. In
addition, a change of the tissue characteristics during
ageing of the meat is observable in the recorded hyper-
spectral imaging data in the visible and NIR range. An
example of this is shown for marrow tissue: a colour
photo of the fresh meat [Figure 4 a)] and the meat at
the end of the measuring period of seven days [Figure
4 b)] is presented, and the absorbance spectra of one
specific area inside the bone marrow (indicated with a
violet marker) are given in Figure 4 c). The spectra of all
pixels inside the marker area were taken and averaged
to get one mean spectrum. Figure 4 ¢) shows the mean
spectra for all (72) taken measurements. In one mean
spectrum 1162 single spectra are included.

In the photo at the end of the measurement period,
Figure 4 b), nearly every tissue type has darkened with
the exception of the outer edge of the bone where the
colour becomes brighter and the contrast to the marrow
has increased. Also, the shape of the meat has changed.
The skin, especially, has become firm and shrunken.

In Figure 4 c¢) the marrow spectra over the whole
observation period is displayed, the colouring of the
spectra has intensified over time. Here the darkening

of the meat is observable in the absorbance spectra as
an increase of absorbance over time. As the meat loses
water over time, the concentration of absorbers (e.g. the
hemoglobin components oxygenated and deoxygenated
hemoglobin) is increased resulting in a higher absorbance.
In the range from 500nm to 600 nm, the increase of
absorbance is stronger in the first hours and remains
nearly stable after eight hours. Between 600nm and
750 nm, the absorbance increases more and continu-
ously over the observation period. Especially at 630nm,
a new absorption band is formed which we cannot assign
directly to one of the known chromophores. The first
spectra (black curves) show a double-peak structure
between 500nm and 600 nm. This structure is typical
of oxygenated hemoglobin. There is no significant peak
visible at 760 nm, indicating that the present hemoglobin
is not significantly deoxygenated. Also, the water absorp-
tion peak at 260 nm cannot be observed, but a peak
structure at 930 nm is present that is characteristic of fat
that is part of bone marrow.

In Figure 5, the absorbance changes over time for all
tissue types are plotted as the mean spectrum of the
whole amount of different number of pixels. The spectra
were recorded every 24 hours, the colour saturation of
the plotted spectra increases with time. Because the
sizes of the different tissue type structures are different,
the size of the markers and, therefore, the number of
the used pixels are also different. The number of pixels
for each spectrum are: bone 278, connective tissue 270,
skin 1162, fat 178, marrow 1162 and muscle 2843. In the
absorbance spectrum of connective tissue, Figure 5 e),
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Figure 5. Absorbance spectrum of all marker positions from Figure 2 from a selection of measurements with
a) muscle tissue, b) marrow, c) bone, d) skin, e) connective tissue and f) fat. The later the measurement was
taken, the more the colour saturation of the curves are increased. The measurements were taken with a time
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where a prominent water peak at 960nm is present, the
absorption in the range 500-600nm becomes dominant
over the 960 nm water peak over time. This may be due
to the dewatering of the connective tissue over time. In
muscle tissue, this effect is not visible at first glance. It can
be easily seen that the changes over time are different in
different wavelength regions and the changes proceed
with varying rates. As the changes beside dewatering are
caused by chemical reactions such as oxygenation and
deoxygenation, the hyperspectral imaging method allows
the reactions and the reactions rates to be observed.
Although we cannot provide a full analysis of the chem-
ical processes involved, we can assume a change of the
oxygenation status of hemoglobin being responsible for
most changes in the double-peak structure between
500nm and 600nm (O,Hb) and in the peak at 760nm
(HHD).

In Figure 6, standard normal variate (SNV)-transformed
absorbance spectra over time of muscle tissue (a), marrow
(b), bone (c), skin (d), connective tissue (e) and fat (f) are
shown with

(2)

where X is the mean value over all absorptions of all
wavelength and the denominator is the standard devia-
tion over all spectra values.

With SNV, the mean value is set to zero and the stan-
dard deviation is scaled to a value of one, so that offsets
are removed from the spectra and spectral shifts or rela-
tive changes in the absorption band intensities become
clearly visible. The SNV transformation was also used in
Reference 22 as a pre-treatment of pork spectra. The
spectral characteristics of pre-processed spectra of
meat have been used by different authors to discrimi-
nate between tissue types or different pre-treated meat
or different states of freshness. In References 23 and
24, the wavelength range 400-1050 nm was used to
discriminate between frozen and unfrozen prawns and
pork, respectively. We also use the spectral character-
istics to discriminate tissue types and the change of the
tissue due to ageing. In Figure 6 a) it can be seen that
there are relative changes in the water absorption band
at 960nm and in the range from 600nm to 700nm. The
shape of the deoxygenation band at 760nm is nearly
the same for the whole observation period, indicating
that there is no significant change of the oxygenation.
This shows that the spectral change between 600 nm
and 700 nm is not caused by a change of oxygenation.
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The relative decrease of the spectral band at 260 nm
shows that the water content decreases and the meat
dries. In the fat spectra, Figure 6 f), the typical fat peak
at 930nm is clearly visible. In addition, a peak at 760nm
occurs. Because the double-peak structure in the range
from 500nm to 600nm indicates a high oxygenation of
the hemoglobin part of the spectrum, this structure at
760nm cannot be the spectrum of deoxygenated hemo-
globin and must be an influence of the fat spectrum
that shows a significant structure in this region [compare
with Figure 3 b)]. The decrease of water could also be
observed for the spectra of connective tissue, Figure 6 e).
The structure in the range from 720nm to 770nm has a
different shape from that in the spectra of muscle tissue.
It is possible that this is also an influence of the water
absorbance in this region and not the peak of deoxygen-
ated hemoglobin. In the spectra of marrow, Figure 6 b),
the emergence of the specific shoulder between 600 nm
and 700 nm is clearly visible.

Results and discussion

Hyperspectral imaging is suitable for classifying different
tissue types in meat by specific spectral features. The
ageing or rather deterioration of meat is observable

as changes in spectral features and there is potential
to deduce the rates of different ageing processes. The
shoulder between 600nm and 700nm in Figure 5,
which occurs most strongly in the absorbance spectra
of marrow, is not yet understood but it is apparent that
there must be some chemical changes of the tissue. Most
likely, parts of the hemoglobin changes to new deriva-
tives such as Methemoglobin MetHb or Sulfhemoglobin
SHb as References 25 and 26 suggest.

In Figure 7 the hyperspectral image of a necrotic wound
is displayed and for some specific wound regions the
absorbance spectra are presented. In Figure 8 the hyper-
spectral image of a hematoma with the derived absor-
bance spectra is shown. Figure 9 shows a comparison of
the different spectra from meat marrow and the clinical
recorded images in one plot, after SNV transformation (a)
and in relative absorbance (b). The absorbance spectra
of necrotic tissue type 2 and of the hematoma reveal a
shoulder between 600nm and 700nm as in the marrow
spectra of the aged meat in Figure 5 b). This could be
a hint that this specific spectroscopic feature between
600nm and 700nm, which is revealed during the ageing
process, is caused by a process of tissue degradation
to necrotic tissue. As mentioned above, the absorption
coefficients of porcine hemoglobin and human hemo-
globin differ and, therefore, a comparison of the spectra
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of aged meat and necrotic tissue is no evidence that the
same or similar tissue components or hemoglobin deri-
vates are present. On the other hand, the shape of the
spectra of fresh meat are similar to those of a mixture of
oxygenated and deoxygenated hemoglobin which can be
measured in human applications. Therefore, the similarity
of the shoulder in aged meat and necrotic tissue can be a
hint that similar processes take place.

Not all of the spectral features of aged meat and wounds
are fully understood, but it is apparent that hyperspectral
imaging provides the tools to understand and analyse
ageing processes of meat and is capable of supporting
wound diagnosis. Further studies are needed to inves-
tigate whether the observed shoulder above 600nm is
caused by tissue degradation or hemoglobin derivatives
which are generated during tissue degeneration.

Conclusion

The introduced hyperspectral imaging setup is suitable
for tissue optical applications. The combination of hyper-
spectral imaging with powerful signal analysis algorithms
enables the user to analyse specific spectral features,
which is a prerequisite for any discrimination of image
areas, e.g. segmentation of different tissue types. The
presented examples of meat ageing and necrotic wound
tissue give rise to the assumption that similar decomposi-
tion processes are present.
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